Purpose X-linked juvenile retinoschisis (XLRS), a leading cause of juvenile macular degeneration, is characterized by a spokewheel pattern in the macular region of the retina and splitting of the neurosensory retina. This study aimed to identify the underlying genetic defect in a Chinese family with XLRS. Methods The proband underwent complete ophthalmic examinations, including fundus examination, fundus autofluorescence, and optical coherence tomography. DNA extracted from proband and his younger brother was screened for mutations in RS1 gene. The detected RS1 mutation was tested in all available family members and 200 healthy controls. Results Reduced visual acuity, spoke-wheel pattern at the fovea, and split retina were observed in the proband. A novel frameshift mutation c.206-207delTG in the RS1 gene, leading to a truncated protein (p.L69fs16X), was identified in the proband and his younger brother. This mutation was not found in any unaffected member or in the healthy controls. The mother of the proband was hemizygous for this mutant allele. Conclusions We identified a novel causative mutation of RS1 in a Chinese family with XLRS. This finding expands the mutation spectrum of RS1 and provides evidence for a phenotype-genotype study in XLRS.
Introduction
X-linked juvenile retinoschisis (XLRS; OMIM 312700) is a rare macular dystrophy first described in 1898 by German ophthalmologist Josef Haas. It is the leading cause of juvenile macular degeneration and caused by mutations in the RS1 gene in Xp22.2 identified by Sauer in 1997 using positional cloning. 1 The human RS1 gene contains six separate exons that encode a 224-amino-acid cell-surface protein known as retinoschisin (RS1). 2, 3 RS1 is highly expressed by the retinal photoreceptor and bipolar cells and interacts with the surfaces of these cells to stabilize the organization of the retina. [4] [5] [6] Pathogenic mutations of the RS1 gene lead to vitreoretinal dystrophies and progressive deterioration of vision. The disorder, which affects only males, has a prevalence of 1 in 5000-25 000 men. 7 Female carriers rarely show vision impairment. 8 Affected males show a spokewheel pattern in the fovea caused by cystic changes in the early stage (the first and second decades of life), leading to reduced visual acuity. 9, 10 In later stages of the disease, patients display nonspecific macular atrophy because the coalescing cysts form a large central cavity. Approximately 50 % of cases show bilateral peripheral retinal lesions. 9, 10 The complications include vitreous hemorrhage, choroidal sclerosis, retinal detachment, and neovascular glaucoma. 11 The full-field electroretinogram (ERG) in patients with XLRS exhibits a relative preservation of an a-wave amplitude, which characterizes photoreceptor function, but a substantial reduction of the dark-adapted b-wave amplitude originating in inner retinal cell activity, which suggests that the main functional defect may occur after phototransduction, or does is inner retinal. 12, 13 Because a XLRS individual with an identified RS1 mutation may have normal ERG, the diagnosis of XLRS cannot be based on ERG alone. 14 Retinal fundus examination, optical coherence tomography (OCT), and fundus fluorescein angiography (FFA) are increasingly used in the diagnosis of hereditary retinal diseases. 15 Coalescence of foveal schisis can be seen by fundus images and OCT scans in older affected patients. 16, 17 Severely affected and older individuals display atrophic macular in the retinal pigment epithelium by taking FFA. 18 In this study, we report on a Chinese family with XLRS, and based on clinical studies and molecular diagnostics, we identified a novel mutation c.206-207delTG in the RS1 gene, which caused a truncated protein (p.L69fs16X) and led to XLRS. This novel mutation expands the mutational spectrum, and the phenotype of the affected member of this family provides evidence for phenotype-genotype studies of XLRS.
Materials and methods
This study included two clinically affected individuals with retinoschisis, five unaffected relatives from a Chinese family (Figure 1 The proband, a 7-year-old boy, was a Chinese from Hunan province, in China. After a full pregnancy of the primigravid mother, he was born at a normal weight (approximately 3.5 kg), and normal height without hypoxia asphyxia. Consanguinity was excluded, and no chemical or maternal drug use and radiation or toxic exposure were noted during his mother's pregnancy. He was 123 cm in height, 23 kg in weight, with normal intelligence, and normal physical development, but without neurobehavioral abnormalities or other malformation. He was referred to the eye clinic at 5 years old owing to the deterioration of his vision. His younger brother was 8 months old, and his eyes could not follow moving objects and suffered from anemia, but not Mediterranean anemia.
Clinical investigations
The proband underwent complete ophthalmic examinations, including fundus examination, fundus autofluorescence, and OCT.
Molecular genetics
Genomic DNA was isolated from peripheral blood samples, including all family members and controls, using standard extraction methods. The entire coding region and intron-exon boundaries of the RS1 gene (RefSeq NM_000330.3) were amplified by polymerase chain reaction (PCR). PCR products were directly sequenced with the ABI PRISM BigDye kit (Carlsbad, CA, USA) on an ABI3100/3130 DNA sequencer (Carlsbad, CA, USA). Sequences were analyzed using DNASTAR (Madison, WI, USA) software.
Results

Clinical findings
Eye examination showed that the proband had ametropia with Vos 0.08 and Vod 0.4; OD þ 1.0ODS7 þ 1.00DC Â 70, 0.4 2; OS þ 1.5ODS7 þ 1.75DC Â 70, 0.3. Fundus examination revealed that the binocular optic papilla was oval, boundary was clear, color was pink, C/D (cup/disc ratio) was 0.3 (reference f 0.3), and A/V (retinal arteriovenous ratio) was 2/3 (reference ¼ 2/3). Fundus photography (Figure 2a ) also showed a lack of macular reflex in both eyes. The right eye presented with pigment disorder and stellate cystic changes. Vitreous opacity, a hole in the inner layer and laser spot involved in the temporal retina could be seen in the left eye. Fundus photography with the RetCam showed temporal retinal detachment and several schisis at the 5 o'clock of the left eye. FFA (Figure 2b ) revealed that the fluorescence in the posterior pole was low, and fluorescence showed leakage in the centers of both eyes. OCT (Figure 2c ) revealed several cystic changes in the macular, and splitting of the neurosensory retina with several connected bridge-like retinal tissues that separated the retina into several regions of low reflex. After retinal detachment surgery, vision acuity was not improved.
The proband's mother, a carrier, as well as all the unaffected family members, had normal visual acuity. The proband's younger brother was too young for ophthalmic examination.
Molecular genetics
Direct sequencing of the PCR products of the proband showed a TG deletion at c.206-207 of the RS1 gene (Figure 3b) , which was also displayed in his younger brother. This novel nucleotide change is predicted to create a frameshift at codon 69 with substitution of a leucine for a arginine and introduction of a putative stop codon-16 amino acids downstream in the translated protein (p.Arg69LeufsX16) (Figure 3d) , and lead to the truncation of the last 137 amino acids (62% of the polypeptide). The proband's mother was heterozygous for this mutation (Figure 3c ) and had normal visual acuity. Neither other unaffected relatives Novel deletion mutation in Chinese XLRS patients Y Huang et al nor the 200 healthy controls exhibited the mutation (Figure 3a) .
Discussion
The RS1 protein contains several domains: a hydrophobic signal sequence encoded by exons 1 and 2 (amino acids 1-23), an RS1 domain encoded by exon 3 (amino acids 23-62), and a highly conserved discoidin domain encoded by exons 4-6 (amino acids 63-219). 19, 20 In addition, a 5-amino-acid segment is located in the downstream of the discoidin domain. 20, 21 The mature retinoschisin structure, a mature protein of 201 aminoacid residues (23 kDa), is derived from cleavage of the N-terminus of the 23-amino-acid hydrophobic leader sequence. 19 The conserved discoidin domain is present in extracellular or transmembrane proteins, and is essential for stabilizing the retinal cell structure and establishing proper synaptic connectivity. 22 It is implicated in cell adhesion and cell-cell interactions on membrane surfaces, such as the coagulation factors V and VIII, milk fat globules, and neuropilin and neurexins, and is also implicated in phospholipid binding. 2, 10 The mutant protein encoded by mutant RS1 gene cannot fold properly and is probably accumulated both intracellularly and extracellularly, eventually leading to cystic changes and schisis formation. 9, 23 To date, about 206 different mutations in the RS1 gene have been reported in patients with XLRS (HGMD Professional 2013.2). Most are missense mutations, and most of these missense mutations have been identified in the RS1 discoidin domain. Several structural models Eye have been developed, and functional analysis indicates that mutations in the conserved discoidin domain result in a improperly folded, nonfunctional protein. 2, 19 There are also nonsense mutations, insertions, deletions, and splice site mutations in the RS1 gene. The RS1 gene knockout mouse is consistent with human XLRS in showing schisis cavities and ERG decline, and shows structural and functional rescue at 14 months after injecting with AAV-RS1h at 14 days. 24 In the present study, a deletion mutation (c.206-207delTG) in the RS1 gene was identified. This mutation cosegregated with the disease phenotype and was found neither in the healthy members of the family except the proband's mother nor in the 200 healthy control individuals, indicating that the c.206-207delTG of RS1 is the pathogenic mutation of XLRS in this family. Truncation of retinoschisin protein associated with frameshift mutations caused by deletions has been frequently reported in XLRS individuals, such as c.194delA, c.195delT, c.219delA, c.300delG, c.371-374delAGAT, c.392-393delAA, c.416delA, and c.488delG. 18, [25] [26] [27] These deletion mutations are all predicted to cause frameshift, thereby generating premature RS protein. Likewise, the two-base deletion mutation (c.206-207delTG) identified in this study occurs in the highly conserved discoidin domain leads to a premature stop at codon 84, and is expected to yield a truncated protein. The shortened polypeptide may fold improperly, leading to an nonfunctional product. 25 Even extreme C-terminal nucleotide deletions, such as 655delT and 655-679del, could destroy the Cys219 residue of the discoidin domain. 27 Progressive deterioration of vision, a spoke-wheel pattern in the fovea, and macular atrophy were found in all these male patients.
The proband exhibited the characteristic phenotype of XLRS-stellate cystic changes of the region of the retina, a splitting of the neurosensory retina, and visual deterioration. Most of genotype-phenotype studies about XLRS focused on b/a-ratio amplitudes, but not all individuals with an identified RS1 mutation had abnormal ERG. [28] [29] [30] Although the genotype-phenotype relationship in XLRS is still controversial, many studies indicated that some mutations were more severe mutations, including which would cause major structural change, eliminate the production of retinoschisin protein or alter cysteine residue. 27, 29, 30 The proband in our study showed several peripheral retinal schisis in the left eye, which was only exhibited in about 50 % of cases. Temporal retinal detachment was also found, and his visual acuity had gradually decreased since 5 years old. All these symptoms of the proband indicated that his phenotype was serious and this might be the result of the truncation protein encoded by c.206-207delTG in the RS1 gene. His mother was a carrier, but she had no ophthalmologic problems. Our results agree with those of previous studies in concluding that retinoschisis is an X-linked disease with recessive inheritance. It is unclear whether the anemia of the proband's younger brother was associated with the disease.
In conclusion, we have identified a novel frameshift mutation c.206-207delTG in the RS1 gene. Our findings provide new information regarding the XLRS pathogenic mutation spectrum and evidence for a phenotype-genotype study in XLRS. The findings 
